Microorganisms may cause the almost complete degradation of a material structure, even though symptoms of drastic microbial damage may not be apparent macroscopically. Due to their enzymatic activities and outstanding adaptation abilities to various environmental conditions, actinomycetes constitute a particular threat to a variety of materials. They are able to use, and subsequently degrade any substrate, whether this happens in a matter of days, weeks or years. Given the frequency of occurrence and a number of features that enable Streptomyces to growth on materials, more studies should be undertaken on methods allowing for their proper and rapid identification. Taxonomic studies gain particular importance in the case of damaged valuable historic materials. This paper focuses on identification of actinomycetes isolated from various historic and contemporary materials, including textiles, parchment and ceramics. Strengths and weaknesses of approaches that have been chosen for actinomycetes taxonomic studies are described.
All kinds of materials, exposed temporarily or permanently to moist conditions, are subject to microbial deterioration. A material infection may occur in a production process, arise during use, transportation or storage. Due to their physiology and adaptation abilities, actinomycetes pose a particular threat to diverse materials. These Gram-positive, filamentous bacteria characterised by a high (57 -75%) G+C content in their DNA, form a ubiquitous group of prokaryotic organisms. Actinobacteria have an unparalleled ability to produce a vast variety of secondary metabolites, such as: extracellular enzymes, pigments and terpenes. They possess unique abilities to utilize complex and recalcitrant biopolymers such as: cellulose, keratin, chitin, pectin, starch, elastin and lignocellulose 1, 2 . Actinomycetes taxonomy is very complex. The traditional identification approach includes microscopic techniques and biochemical tests and it has always been considered difficult and time-consuming, requiring a series of costly and specialized tests. Apart from this, classical methods, when used alone, may give ambiguous results and identification is mainly limited to the genus level. To increase the accuracy of the results, a variety of alternative approaches are applied. They include molecular biology techniques, such as 16S rRNA gene sequencing. This tool, apart from being widely used to determine microorganisms' taxonomic position and to identify new taxa, has also been used to confirm the morphological and biochemical identification results. Nevertheless, despite its specificity, 16S rRNA gene sequencing is still laborious and costly, among other limitations. Recently, Matrix-Assisted Laser Desorption Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF MS) has emerged as a rapid and cost-effective tool for the identification of microorganisms at the species level 3, 4 . This technique has been used both for the routine clinical diagnosis of human pathogens 5 as well as for the identification of environmental microorganisms 6 . It has also been applied to identify fastidious, difficult-to-culture and slow-growing organisms 7 . The identification is based on the comparison of species specific protein spectra (molecular fingerprint) to a reference spectra database.
The main objective of the study is to identify actinomycetes isolated from various historic and contemporary materials, including textiles, parchment and ceramics. Strengths and weaknesses of approaches that have been chosen for actinomycetes taxonomic studies are described. Species potentially most destructive to various materials are also indicated.
MATERIAL AND METHODS

Isolation of actinomycetes
Actinomycetes were isolated from historic and contemporary materials made of different substrates (organic and inorganic), belonging to various periods and environments. The bacteria isolation was carried out from areas with visible signs of microbial material deterioration such as stains, coatings or other surface alterations (Table 1) . A variety of non-invasive methods and microbiological media were applied, taking the material main component (cellulose, protein, etc.), its state of preservation and the group of microorganisms sought into account (Table 1) . After 4 weeks of incubation at 28±2 o C, colonies of grown microorganisms, apparent after several days or weeks, were picked, deposited on PDA medium and then purified. Pure strains of actinomycetes were maintained on slants at 4 o C and in Microbank TM .
Identification of actinomycetes
Classical method
According to the identification key by Nonomura, 1974 8 and Holt et al., 2000 9 , the colony morphology, production of melanoid pigments, soluble pigments other than melanin, spore (chain) morphology and spore-bearing structures were determined. All descriptions were made on 14-day old cultures grown on PDA at 28±2 o C. Gram staining was performed for cell morphology. Slide cultures were prepared to study substrate and aerial filaments as well as spore chain morphology. Actinomycetes were examined under a stereoscopic and a transmitted light microscope equipped with a digital camera. Slide culture method A small block of agar was placed in the centre of a sterile microscope slide and inoculated with a given, well sporulating actinomycetes strain. A sterile coverslip was placed on top of the block and the slide was kept in a moist chamber. The chamber consisted of a sterile Petri dish lined with a piece of moistened filter paper and a sterile U-shaped glass rod on which the slide was placed. The cultures were incubated at 28±2 o C for 14 days and examined periodically. Preparations were made from the actinomycetes which grew on the coverslip and on the sides of the agar block. Details about the spore arrangements were gathered by studying the filaments adhering to coverslips placed at an angle in the growing culture plates.
Molecular techniques Identification by 16S rRNA gene sequencing
DNA extraction
Prior to DNA extraction the isolates were cultured on PDA medium for 8 days, after which approximately 100 mg of spores and filaments were scraped with a sterile loop into Eppendorf tubes, ground with 2 mm wolfram beads using Retsch MM 400 Mixer Mill (30 Hz, 3 min). Genomic DNA was extracted with Genomic Mini DNA extraction kit (A&A Biotechnology, Poland) and cleaned up with Anty-Inhibitor Kit (A&A Biotechnology, Poland), according to the manufacturer's instructions. The quality and quantity of the extracted DNA was assessed using BioPhotometer Plus (Eppendorf, Germany). The obtained DNA was stored in a freezer for further analyses.
Identification of isolates
In order to verify the systematic position of the examined isolates, the partial fragments of 16S rRNA gene were amplified using the primers fD1 (5'-AGAGTTTGATCCTGGCTCAG-3') and rP2 (5'-AGAGTTTGATCCTGGCTCAG-3'). Almost the entire sequence of 16S rRNA gene was amplified using the primers 9F (5'-GAGTTTGATCCTGGCTCAG-3') and 1541R (5'-AAGGAGGTGATCCAGCC-3') 10 . Polymerase chain reaction contained 100 ng of DNA template, 25 pM of each primer, 5 mM of dNTP, 1× PCR buffer and 2 U of DreamTaq DNA polymerase in a total volume of 50 µl. The following temperature profile was used for DNA amplification: initial denaturation at 94°C for 5 min., followed by 25 touchdown cycles of denaturation at 94°C for 30s, annealing starting from 67.5°C with temperature decreasing by 0.5°C in each cycle until 55°C for 30s and elongation at 72°C for 1 min and then 20 cycles of denaturation at 94°C for 30s, annealing at 55°C for 30s and elongation at 72°C for 1 min, final elongation for 10 min. and then stored at 4°C. PCR amplifications were performed in T100 TM Thermal Cycler (Bio-Rad, USA). The PCR products were electrophoresed for 60 minutes in 1×TBE Simply Safe (EurX, Poland)-stained (0.5 mg/ml), 1% agarose gel, visualized in UV light and documented by the GelDoc system (BioRad, USA). Subsequently, the amplicons were purified using CleanUp kit (A&A Biotechnology, Poland) and sequenced using primers fD1, rP2 and 9F, 1541R.
Data analysis
The obtained sequences were analyzed using MEGA 6 software 11 . The generated 16S rRNA sequences were queried against the NCBI database using BLAST search to determine the most closely related genus. Additionally, in order to compare the phylogenetic position of the studied isolates within the Streptomyces spp. the Bayesian tree was constructed encompassing all examined isolates and 16S sequences of the 36 most closely related Streptomyces spp. reference strains obtained from the GenBank. Mycobacterium tuberculosis H37Rv was used as an outgroup. The calculation was performed with MrBayes 3.1.2 12, 13 . The best fitted evolutionary model for the analyzed sequences was identified with jModelTest 2 14 according to the Akaike criterion as HKY with gamma-shaped rates variation among sites and with estimation of the proportion of invariable sites. MCMC simulation was performed in 4 chains per both independent analyzes (three of each heated). The analysis was continued until average standard deviation of split frequencies diagnostic value have reached 0.01 threshold sampling every 100 th tree. The initial 25% of trees were discarded as burn-in fraction. 50% majority rule consensus trees were summarized and exported, showing posterior probabilities and average branch lengths and further processed with MEGA 6.
Identification by MALDI TOF MS
The MALDI-TOF MS method was applied to identify those actinomycetes strains which, characterised by the above described methods, did not bring definite results. The tests were performed on MALDI Biotyper (Bruker) using a standard procedure recommended by Bruker. Two culture media were applied, i.e., PDA solid medium and Gauss liquid medium. In the latter case, the isolates were grown in Erlenmeyer flasks and were agitated on a rotary shaker at 150 rpm for 5h a day. Agitation and aeration of liquid cultures was necessary to avoid the formation of surface pellicles or cottony sediments and instead obtain even, suspended growth. The isolates were cultured at 28±2°C for 14 days. All measurements were preceded by a calibration with a standard bacterial test (E. coli) as a positive control. A noninoculated matrix solution was used as a negative control. The resulting spectra were analysed using MALDI Biotyper, version 3.0. According to the criteria recommended by the manufacturer, a result was considered valid at the species level whenever the score value attributed by Biotyper was x e" 2.0, valid at the genus level when the score was 1.7 d" x < 2 and as no reliable identification when the score was x < 1.7.
Nucleotide sequence accession numbers
The isolates' 16S rRNA sequences obtained in this study were submitted to the GenBank. The assigned accession numbers are listed in Table 2 .
RESULTS AND DISCUSSION
Actinomycetes isolation
The list of the obtained strains' IDs together with the description of substrates from which they were isolated, techniques and media used, are presented in Table 1 . Other habitats where the species have been found by other authors, the ability to utilize different substrates and enzymes produced are listed in Table 2 .
The emerging colonies showed typical actinomycetes characteristics. They appeared dry, leathery, with or without colour, adhering to the medium with vegetative filaments and spore forming. As apparent from Plastic made of starch composite After the incubation period in soil, with ethylene-acrylic acid co-polymer samples were removed and subjected to and glycerine and low density careful observation under a stereoscopic polyethylene subjected to 6 months of microscope; existing microorganisms were soil environment. Starch composite transferred to PDA medium, pH 5.6 content in the plastic: 30%, which corresponds to 20% of pure starch content.
1 CPYA = Czapek Peptone Yeast Agar (recommended for the cultivation of various actinomycetes, favourable for actinomycetes growth) 2 PDA = potato dextrose agar 3 WiC-= Weary and Canby mineral medium (free of carbon and nitrogen source) [17] 4 WiC+ = Weary and Canby enriched with 2g of glucose and 3g of yeast extract [17] 5 CZA modified = Czapek medium without sucrose strains were obtained from historic objects and only two out of nine (no. 8 and 9) from modern materials. The majority of strains, i.e., BBK13a, BBK13, BBT59, BBO14, BBK11, BBW92, were isolated from proteinaceous substrates of which three were derived from parchment, two from wool and one from silk. Strain BBO5 was isolated from cotton, BBA15 from pottery and BBP12 from modern composite material. A common feature of all these substrates is that they are hardly available sources of nutrients for microorganisms. To utilise them and grow, microbes must possess a number of specific features, such as a capability to produce substratespecific enzymes. Actinomycetes are known to be microorganisms of extraordinary physiological potential with a wide range of adaptabilities. They are able to use, and subsequently degrade any substrate, whether this happens in a matter of days, weeks or years. Even in the case of inorganic materials, such as ceramics, the organic BLYSKAL et al.: TAXONOMIC STUDIES OF ACTINOMYCETES residues present in the material can provide sufficient nutrients. Also, environmental conditions contribute to the bacterial development through variations of humidity, temperature etc. ColonnaPreti and Eeckhout, 2013 15 suggest that the presence of hygroscopic salts inside the ceramics also participates, as it favours the availability of water, so crucial for microbial growth.
Identification of actinomycetes
Classical method
The description of colony morphology, macro-and microscopic features of the isolated actinomycetes grown on PDA medium for 14 days are presented in Table 2 .
The classical method required careful examination of the organisms growing on agar. The observation of vegetative filaments, arrangement of spores on aerial filaments and their shape was essential. Therefore, the major challenge during the preparation of actinomycetes cultures for microscopic analyses was to keep the filaments and spore structures intact. To achieve this, the slide culture method proved especially useful. The actinomycetes growth on slides was thin and undisturbed, making detailed studies of substrate filaments within the agar (fragmentation, presence of spores etc.), spore shape and spore arrangement on aerial filaments possible.
All of the isolated strains were found to be filamentous, spore-forming bacteria with the prevalence of long chains of spores. Filament fragmentation was not recorded. Repeatedly branched filaments formed small, tough colonies surrounded by a hydrophobic sheath. The colonies assumed a range of colours when the spore formation began. The species produced diffusible pigments of a melanoid and carotenoid nature ( Table 2) .
Based on the gathered morphological characteristics, the isolates were classified under the genus Streptomyces. Unfortunately, the differentiation of species within this genus remains difficult, due to the fact that the Streptomyces species are still poorly defined. For example, in the key by Holt et al., 2000 9 , only two of the studied species are mentioned, namely S. albidoflavus and S. griseoflavus. Authors of the key are furthermore of the opinion that identification based on morphology alone is rarely secure, even with considerable experience. Systematic classification of the isolated species is as follows: Domain: Bacteria; Phylum: Actinobacteria; Order: Streptomycetales; Family: Streptomycetaceae; Genus: Streptomyces.
Molecular techniques Identification by 16S rRNA gene sequencing
Analysis of 16S rRNA sequences was carried out to verify the systematic position of the examined isolates specified in the above section. The 735 -1446 bp long 16S rRNA sequences were determined for 10 samples. They were then compared with the corresponding sequences of the type strains of the same and most closely related species, as resulted from the BLAST analysis (Table 3 ). The study confirmed that all of the tested strains belonged to the genus Streptomyces and 7 out of 10 strains could be identified to the species level.
The 16S rRNA gene sequences of a total of 46 taxa, including 10 strains obtained in this study and an outgroup, were analyzed using BI method to determine the taxonomic position of the studied actinomycetes strains. The topology of the resulting BI consensus tree is generally well supported, i.e., by moderate to high posterior probability values (from 56 to 100%). It can be seen from Fig. 1 that 8 strains fall into well supported clades with most closely related taxa. For instance, Pr2, Pr2_2 and Pr6, identified as Streptomyces coelicoflavus by the BLAST search, grouped these three strains into one very well supported clade (100%) with the type strain of this species. Similar situation occurred with Pr9 and Pr4, which prior identification as S. griseoaurantiacus and S. thermoviolaceus, respectively, was followed by their well-supported clustering with these species (posterior probability values of 100 and 89%, respectively). Two out of the 10 isolates, i.e., Pr3 and Pr7 could not be identified to the species level and also could not be clustered with the strains selected for the analysis. The strain Pr8, which could not be identified based on the 16S rRNA gene sequencing, was grouped in a well-supported subclade with S. griseoflavus (94%).
Identification by MALDI TOF MS
Six (two unidentified: Pr3, Pr7 and four already identified: Pr1, Pr2, Pr6, Pr8) Streptomyces strains were subject to identification by measuring the unique molecular fingerprints of the organisms. The fastidious growth of the isolates on the solid medium yielded only small amount of material that could be harvested for analysis. As a result, only one strain, i.e., Pr3 was identified as Streptomyces sp., and matching against the Biotyper database yielded low score of 1.79 (identification valid at the genus level). The use of cell suspension from shaken liquid cultures provided a sufficient amount of test material, nevertheless in this case, all the analysed strains were identified as one species, namely Streptomyces violaceoruber. The data from the other two, above described, methods indicated however that all of the strains represented different species and none of them could be classified as S.
violaceoruber.
The lack of success in obtaining reliable identification results can be attributed to two causes. The first is the absence of an adequate reference spectrum in the Biotyper database. The original Bruker database contains 4,706 bacterial spectra of which only 14 belong to the Streptomyces species. Loucif et al., 2014 4 point out that the availability of the Streptomyces spectra in the database is an extremely statistically significant (p < 0.0001) factor in obtaining a correct identification at the species level. The second possible cause is the absence of a sufficient protein signal needed to build a spectrum that can be compared to the Biotyper database. In turn, failure to obtain a spectrum can be explained by the structural properties of the cell wall of certain bacteria or their fastidious growth that yields an insufficient amount of material for analysis. Thus, sometimes even in spite of the presence of some reference spectra, results cannot be obtained 16 . Based on this studies it can be stated that the use of MALDI-TOF MS for the identification of actinomycetes requires a standardised sample preparation method and a sound, elaborated reference spectra database. As Biswas and Rolain, 2013 7 indicate, the same microorganism can give different mass spectra, resulting from different culturing conditions or extraction methods. Loucif et al., 2014 4 developed a protocol based on ethanol-trifluoroacetic acid (E-TFA) extraction of the whole-cell proteins, allowing for a correct identification with high score of >2. The authors point out that with this promising procedure it will be possible to identify new Streptomyces isolates, the spectra of which are not yet available in the MALDI database. Strains will be identified by 16S rRNA sequencing and their spectra added to the database, gradually enlarging it. Thus, MALDI-TOF MS has the potential to reduce the need for identification techniques such as 16S rRNA gene sequencing. Up till now, however, these methods often yielded inconsistent results and the DNA analysis has remained the basic and reference tool for actinomycetes identification.
CONCLUSIONS
Microorganisms may cause the almost complete degradation of a material structure, even though symptoms of drastic microbial damage may not be apparent macroscopically. It is essential to identify microorganisms that take part in this process in order to properly protect objects from biodeterioration. Taxonomic studies gain particular importance in the case of damaged valuable historic materials. Given the frequency of occurrence and a number of features that enable Streptomyces to growth on materials (they are mesophilic aerobes, they have desiccation-resistant spores, outstanding metabolic activity and the majority of them tend to develop best under neutral or slightly alkaline conditions), more studies should be undertaken on methods allowing for their proper and rapid identification. This research describes the strengths and weaknesses of several approaches that may be chosen for actinomycetes taxonomic studies.
Literature data collected in Table 2 prove that the studied Streptomyces species possess outstanding adaptation abilities to various environmental conditions. They can be found in the whole range of environments ranging from atmospheric precipitations through soil and desert sand to deep-sea ecosystems. Moreover, the data indicate that the species produce a multiplicity of enzymes and are capable of utilizing various energy sources. All the above implies that none of the objects can be recognized as safe, regardless of its components and environment they belong to. Streptomyces thermoviolaceus together with S. albidoflavus were found to produce the widest range of enzymes as well as to utilize the largest variety of carbon sources, thus may be considered most dangerous to historical objects.
